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Abstract
Extensive studies have been conducted on the use of biomimetic foils for propulsion
and maneuvering of vehicles. These studies, however, mostly focuses on the use of
sinusoidal motion similar to bird flapping or fish swimming to generate the necessary
forces. Few studies have been conducted to investigate the generation of maneuver-
ing forces by using rapid vorticity transfer into the fluid through a rapid motion as
observed in some animals. In this study a NACA 0012 foil was towed steadily at
Reynolds number of 14000, then the foil is rapidly accelerated in the transverse direc-
tion. Two different cases were tested: One where the area decreases and one where it
increases, referred to as vanishing foil and emerging foil, respectively. Various angle
of attacks were tested, and in all the cases the circulation is conserved. The method
of Particle Image Velocimetry and flow visualization were used to map out the three-
dimensional vortical structure after the rapid motion. In the emerging foil experiment
the flow structure is similar to the case of accelerating wing. From the vanishing foil
experiment, however, we managed to discover a phenomenon called global separation,
where separation happens instantaneously over the entire surface of the body. This
global separation allows a more effective and rapid transfer of vorticity, at about one
order of magnitude faster than vorticity transfer through conventional means.
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Title: William I. Koch Professor of Marine Technology
Acknowledgments
First I would like to thank my advisor, Prof. Michael Triantafyllou for his support
and guidance through this project. There are a lot of instances when I thought I
had met a dead end but he can always provide a new insight to steer me into a new
direction. I would like to thank Dr. David Rival for assissting me and entertaining
my varioius questions. The discussions we had really gave me a lot of new ideas about
what kind of experiments to run, how to process the data and what to look out for.
I would like to acknowledge help, advices and suggestions given by the people in the
lab: Jason Dahl, Brad Simpsons, Vicente Fernandez, Jeff Dusek, Audrey Maertens,
and James Schulmeister. You all made this place more lively and bearable to stay in.
I would like to acknowledge Christine for supporting me and keeping me company for
the past two years. Thank you for accompanying me until late night and on weekends
in the tow tank, when I have to run experiments or just writing my thesis. I would
like to thank my friends in the church for providing me life outside school, where we
can do things that are not related to research at all. I would like to thank my family
for all the support and love they have given me, although I am often uncontactable
due to the hours I spend in a lab where my cellphone does not have any signal. And
most importantly I praise God for giving me this opportunity to even study at MIT
and blessing my life such that I managed to overcome a lot of obstacles while I was
here.
4
Contents
1 Introduction 15
1.1 Motivation............... . . . . . . . . . . . . . . . ..  15
1.2 Previous Work..................... . . . . . . . .. 16
2 Background 19
2.1 Relevant Parameters............. . . . . . . . . . . . ..  19
3 Experimental Apparatus and Methods 21
3.1 General Description................... . . . . . . ..  21
3.2 M otion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2.1 Vanishing Foil............... . . . . . . . . . . ..  23
3.2.2 Emerging Foil........... . . . . . . . . . . . . . . . . 24
3.3 Force measurements............. . . . . . . . . . . . ..  26
3.4 Flow visualization.............. . . . . . . . . . . . . ..  27
3.5 Particle Image Velocimetry................ . . . . . ..  27
4 Results 31
4.1 Vanishing Foil............. . . . . . . . . . . . . . . . ... 31
4.2 Emerging Foil.................... . . . . . . . . ..  35
4.3 Force Measurement................. . . . . . . . . ..  39
5 Discussions 41
5.1 Vanishing Foil............. . . . . . . . . . . . . . . . ... 41
5.1.1 Topology of Vortex Structure . . . . . . . . . . . . . . . . . . 41
5.1.2 Circulation Measurement............... . . . . . .. 46
5.1.3 Investigation of Vortex Formation Time and Comparison with
Simulation Result...... . . . . . . . . . . . . . . . . . . . 48
5.2 Em erging Foil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2.1 Topology of Vortex Structure . . . . . . . . . . . . . . . . . . 53
5.2.2 Circulation Measurement and Formation Time... . . . .. 54
5.3 Comparison of PIV and Force Measurement Results.... . . . .. 59
6 Conclusions 61
6.1 Overview................... . . . . . . . . . . . . . .. 61
6.2 Recommendations for Future Work.... . . . . . . . . . . . . . . . 63
A Flow Visualization Results 65
B Vanishing Foil Timescale Experiment Results 69
C Force Measurement Time Series 73
List of Figures
1-1 Transfer of bound circulation into wake of spinning cylinder. See [30] 17
3-1 Schematic of towing-tank setup with a) traverse, b) NACA0012 wing,
c) PIV viewing field, d) linear motor, e) high-speed camera and f) laser
head............ .... ............. . ..... ..... 22
3-2 Picture of the PIV experiment setup with focus on equipments onboard
the towing-tank carriage . . . . . . . . . . . . . . . . . . . . . . . . . 22
3-3 Sketch describing rapid upward motion, which emulates the vanishing
w ing concept. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3-4 The target function and the measured output of wing position during
the vanishing-wing motion....... . . . . . . . . . . . . . . ..  25
3-5 Sketch describing rapid downward motion, which emulates the emerg-
ing wing concept. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3-6 Picture of the force measurement experiment setup. . . . . . ..  26
4-1 In this sketch the vanishing wing causes a rapid transfer of boundary-
layer vorticity into a pair of wake vortices while conserving total cir-
culation. The nature of the vortical reorientation in the wake is not
apparent and will be the focus of the current study. . . . . . . . . . . 32
4-2 Plots of dimensionless vorticity in wake behind o = 0' for V = 0.25
(left), t* 0.5 (center) and t* = 0.75 (right); note trailing edge located
at x/c = 0 and y/c = 1.40....... . . . . . . . . . . . . . . . . . 33
4-3 Plots of dimensionless vorticity in wake behind a = 5 for t* = 0.25
(left), t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located
at i/c = 0 and y/c = 1.40........... . . . . . . . . . . . ... 33
4-4 Plots of dimensionless vorticity in wake behind a = 100 for t* = 0.25
(left), t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located
at i/c = 0 and y/c = 1.40........... . . . . . . . . . . . ... 34
4-5 Plots of dimensionless vorticity in wake behind a = 150 for t* = 0.25
(left), t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located
at x/c = 0 and y/c = 1.40............. . . . . . . . . . ... 34
4-6 Plots of dimensionless vorticity in wake behind z = 100 for t* = 0.75
from three separate runs; note trailing edge located around z/c = 0
and y/c = 1.40.................... . . . . . . . . ..  35
4-7 The sketch of how Kelvin's Law is applied to a rapidly emerging wing.
The sudden introduction of the foil causes circulation F around the foil
(path 1) so an equal but opposite circulation -F must be produced
around path 2, resulting in zero circulation overall. . . . . . ... 36
4-8 Plots of dimensionless vorticity in wake behind a = 00 for t* = 0.25
(left), t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located
at x/c = 0 and y/c = 1.40................. . . . . . . . . 36
4-9 Plots of dimensionless vorticity in wake behind a = 50 for t* = 0.25
(left), t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located
at x/c = 0 and y/c = 1.40................. . . . . . ... 37
4-10 Plots of dimensionless vorticity in wake behind a = 100 for t* = 0.25
(left), t* = 0.5 (center) and V* = 0.75 (right); note trailing edge located
at z/c = 0 and y/c = 1.40....... . . . . . . . . . . . . . . . . . 38
4-11 Plots of dimensionless vorticity in wake behind a = 15' for t* = 0.25
(left), t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located
at i/c = 0 and y/c = 1.40.............. . . . . . . . . ... 38
4-12 Plots of dimensionless vorticity in wake behind a = 100 for t* = 0.75
from three separate runs; note trailing edge located around x/c = 0
and y/c = 1.40.................. . . . . . . . . . . ... 39
4-13 Lift coefficient in current experiment at Re = 14000 along with other
values from the literature: [1] at Re = 300000 and [2] at Re = 10500. 40
5-1 Visualization of wake at t* = 0.5 for a - 10' case and its corresponding
topology; note F,, Fp, F, and Ft refer to suction-side, pressure-side,
wake and tip-vortex circulation, respectively. The cloud of lead parti-
cles underneath the wing indicates the presence of vorticity from the
shed boundary layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5-2 Visualization of wake at t* = 0.5 for a = 0 case and its corresponding
topology; note F,, F, and F refer to suction-side, pressure-side and
wake circulation, respectively. The cloud of lead particles underneath
the wing indicates the presence of vorticity from the shed boundary
layer................ . . . . . . . . . . . . . . . . . . . . . 44
5-3 Topology of wake at a later time step once quasi-steady shedding be-
hind wing has reestablished itself; note F,, Fp, F, and Ft refer to
suction-side, pressure-side, wake and tip-vortex circulation, respectively. 45
5-4 Net circulation measured in the wake of the vanishing wing using PIV
where t* = 0 and t* = 0.5 correspond to the beginning and end of the
rapid vertical m otion. . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5-5 Net circulation measured in the wake of the vanishing wing using PIV
as variation of angle of attacks................. . . ..  47
5-6 Net circulation measured around the vanishing wing using PIV (unfil-
tered) for a = 00 where t* = 0 and t* = 0.5 correspond to the beginning
and end of the rapid vertical motion. . . . . . . . . . . . . . . . . . . 48
5-7 Net circulation measured around the vanishing wing using PIV (un-
filtered) for a = 100 where t* = 0 and t* = 0.5 correspond to the
beginning and end of the rapid vertical motion.... . . . . . ... 49
5-8 Plots of dimensionless vorticity of vanishing foil at a = 0 for t* = 0.1
(top left), t* = 0.2 (top right), t* = 0.3 (bottom left) and t* = 0.4
(bottom right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5-9 Plots of dimensionless vorticity of vanishing foil at a = 100 for t* = 0.1
(top left), t* = 0.2 (top right), t* = 0.3 (bottom left) and t* 0.4
(bottom right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5-10 Visualization of wake at t* = 0.5 for a = 100 case and its corresponding
topology; note F,, and Ft refer to wake and tip-vortex circulation,
respectively. The cloud of lead particles behind the wing indicates the
presence of a strong vortex. . . . . . . . . . . . . . . . . . . . . . . . 54
5-11 Visualization of wake at t* = 0.5 for a = 00 case and its corresponding
topology; note F,,, refer to wake circulation. No cloud of lead particles
behind the wing to indicate the presence of a strong vortex. . . . . . 55
5-12 Topology of wake at a later time step once quasi-steady shedding be-
hind wing has reestablished itself; note F, and Ft refer to wake and
tip-vortex circulation, respectively............. . . . . ... 55
5-13 Net circulation measured in the wake of the emerging wing using PIV
where t* = 0 and t* = 0.5 correspond to the beginning and end of the
rapid vertical m otion. . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5-14 Flow visualization of the wake for emerging foil case at angle of attack
of a = 100 and time t* = 0.3. The picture shows that vortices are not
shed immediately upon the wing entering the fluid. . . . . . ..  57
5-15 Plots of dimensionless vorticity in wake behind at t* = 0.4 for three
different angles of a = 5 (left), a = 100 (center) and a = 150 (right);
note trailing edge located around x/c = 0 and y/c = 1.40 . . . . . . . 58
5-16 Net circulation measured in the wake of the vanishing wing using PIV
as variation of angle of attacks.............. . . . . . ..  59
5-17 Comparison between the circulation derived from the measured lift be-
fore rapid motion and that obtained from the wake after rapid motion
using P IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
A-1 Visualization of wake of vanishing foil experiment at t* = 0.5 for a = 50
case. The cloud of lead particles underneath the wing indicates the
presence of vorticity from the shed boundary layer. . . . . . ... 66
A-2 Visualization of wake of vanishing foil experiment at t* = 0.5 for a =
15' case. The cloud of lead particles underneath the wing indicates the
presence of vorticity from the shed boundary layer. . . . . . ... 66
A-3 Visualization of wake of emerging foil experiment at t* = 0.5 for a = 5
case. The cloud of lead particles underneath the wing indicates the
presence of vorticity from the shed boundary layer. . . . . . . . . . . 67
A-4 Visualization of wake of emerging foil experiment at t* = 0.5 for a =
150 case. The cloud of lead particles underneath the wing indicates the
presence of vorticity from the shed boundary layer. . . . . . . . . . . 67
B-i Plots of dimensionless vorticity of vanishing foil at a = 5 for t* = 0.1
(top left), t* = 0.2 (top right), t* = 0.3 (bottom left) and t* 0.4
(bottom right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
B-2 Plots of dimensionless vorticity of vanishing foil at a = 15' for t* = 0.1
(top left), t* = 0.2 (top right), t* = 0.3 (bottom left) and t* = 0.4
(bottom right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
C-1 Time series of the lift force measured on the foil for angle a = 0'. . . 74
C-2 Time series of the lift force measured on the foil for angle a = 50. 74
C-3 Time series of the lift force measured on the foil for angle a = 10'. . . 74
C-4 Time series of the lift force measured on the foil for angle a = 15'. . 75
12
List of Tables
5.1 The formation time of vortex ring through rapid retraction of a wing
for various angle of attacks . . . . . . . . . . . . . . . . . . . . . . . . 52
14
Chapter 1
Introduction
1.1 Motivation
In recent years increasing emphasis has been put on the maneuverability of an un-
derwater vehicle. This shift is caused by the change in the operating area of marine
vehicles from open water to the littoral area. Strong currents due to waves and tides
prevail in the littoral zone, which makes station keeping or even straight line cruising
difficult. Thus the ability to maneuver quickly to counteract these hydrodynamic
forces is now an important feature of an Autonomous Underwater Vehicle (AUV),
and conventional AUVs are ill equipped for operation in the littoral zone [5].
Conventional underwater vehicles employ steady hydrofoils as the control surfaces
for their maneuvers by generating moments through the lifting devices placed a dis-
tance away from the center of gravity. These vehicles possess poor maneuverability
and their turning radius is usually on the order of 10 body lengths. On the contrary,
marine animals employ unsteady hydrodynamics to generate large forces near their
center of gravity which results in much smaller turning radius, on the order of less
than one body length. Much research has been performed to study the animal loco-
motions and mechanisms which enable them to move with such agility and efficiency.
Please refer to [40] for the review on the hydrodynamics of fishlike swimming.
The flapping motion of these animals, such as birds, fishes and insects are easily
observable as we see them daily. Thus extensive studies, experimentally and nu-
merically, have been conducted to understand the thrust production mechanism of
an oscillating foil [4, 13, 32, 14, 38, 391. These biomimetics principles have been
incorporated into engineering in the form of robotic fish [3, 25] and flapping foil
vehicles [28, 22, 21]. Although these vehicles have been shown to be more hydrody-
namically efficient and maneuverable, their widespread use is still impractical due to
the complexity of the system required for the control of the flapping foils compared
to those used in conventional vehicles [5]. More actuators are required to execute
the flapping motion, which has 2 degrees of freedom, compared to just having one
actuator to move a propeller. Besides adding complexity, the additional actuator also
takes up space, reducing the useful payload of the vehicle.
A less explored topic related to biomimetic propulsion is the use of rapidly chang-
ing control surface in creating large forces. Swifts, which are highly aerial birds, have
been observed to change their wing sweep rapidly during maneuvers [27]. The morph-
ing control surface in the kinematics has been observed in other animals also, such as
bats [17], ducks [19, 20] and fishes [11, 26]. The idea behind this type of locomotion
is the same as flapping, which is the transfer of vorticity from the control surface
into the fluid while arranging them in such a way that these vortices will be useful in
aiding their maneuvers. As vortices represents momentum in the fluid, which can be
translated into forces, production of strong vortices during the rapid motion is how
these animals generate the large maneuvering forces that have been observed in the
previous studies. Few studies, however, discuss the hydrodynamics of this vorticity
transfer through the rapid change mechanism.
In this study the mechanism of the vorticity transfer in a rapidly changing control
surface was investigated experimentally.
1.2 Previous Work
One century ago Klein [24] first proposed the coffee-spoon thought experiment to
dispel the paradox of vorticity production in an inviscid fluid. A few decades later
Kaden [23] developed both analytical and experimental analogies to the disappearing
(a) bound vortex around spinning cylinder (b) free vortex left in wake after removal
Figure 1-1: Transfer of bound circulation into wake of spinning cylinder. See [30]
coffee spoon using a vanishing plate, showing that the rapid production of vortices in
fluids of low viscosity is possible through the merging of spiral-shaped vortical layers
emanating from sharp edges. Similarly, Taylor [36] provided an analytical treatment
of an impulsively accelerated, vanishing circular disk. By assuming that energy was
conserved and that vorticity in the core was uniform, Taylor could determine the
resulting vortex ring strength and diameter.
Prandtl [29] and Betz [6] also treated the subject of vorticity production in fluids
of negligible viscosity showing that vortices could only be formed by the rapid roll-up
of discontinuous vortical layers. Prandtl [30] used novel visualization techniques (for
his time) to examine the vortex formation for a variety of unsteady motions and bluff
bodies. Figure 1-1 shows exemplarily the transfer of bound vorticity to free vorticity
through the rapid removal of a spinning cylinder.
Research relating to this fundamental problem has been rather muted since Taylor
published his result in 1953. A renewed interest, however, has reemerged in the
context of biomimetic propulsion. Childress [9], for instance, ran experiments in
which a body with flexible surfaces, and thus a variable frontal area, was placed in an
oscillatory flow. The flapper-like model was found to suspend itself against gravity
by taking advantage of the change added mass between its upstroke and downstroke.
Similarly, Spagnolie [34] ran numerical simulations where the frontal area of a two-
dimensional cylinder was varied against the oncoming flow. In this case propulsive
forces were possible by controlling the phase difference between the shape change and
the fluid oscillation. In contrast to the passive control in the experiment of Childress
et al., the shape change was actively controlled in these numerical simulations.
One elegant example of the repositioning of vorticity through conservation of
vorticity in the nature is the propulsion of water striders on the interface between air
and water, as described by [10]. Momentum is transferred through vortices beneath
the water surface, which is created by the transfer of bound vorticity from the legs
into the water.
Similarly, Hsieh [15] found that basilisk lizards, when running on the water surface,
rapidly imparted circulation from their feet into the water. This rapid transfer of
bound circulation into U-shaped vortices beneath the surface was further examined by
Hu [161. Few studies, however, have addressed the hydrodynamics of this circulation
transfer mechanism in any detail.
Chapter 2
Background
2.1 Relevant Parameters
One of the most important parameter in defining a flow is the Reynolds number, Re,
which is the ratio of inertial forces to viscous forces. Reynolds number is affected by
the free stream velocity U, the characteristic length L of the object, and the viscosity
of the fluid v, and their relationship is shown in Eq. 2.1
Re = (2.1)
As the Reynolds number changes the flow characteristics over the object also
changes. At low Reynolds number the flow around an object is still laminar and
attached, much resembling that of potential flow. As Reynolds number increases,
however, the flow begins to separate at distinct separation points, as shown in the
flow visualizations by Taneda [35). The separated flow then roll up into vortices in
the wake.
This vortex shedding can be characterized by its reduced velocity Ur, which is
defined by its characteristic length L, the frequency of the shedding f, and the free
stream velocity U in the following relationship shown in Eq. 2.2
U
Ur = f (2.2)f L
Another important property of the fluid is vorticity, which is the measurement of
the local angular velocity of a fluid, and is defined by the curl of the velocity field as
shown in Eq. 2.3
W = V x V (2.3)
Circulation defined as the line integral of fluid velocity tangent to the integration
path around a closed loop of fluid flow, and is given by Eq. 2.4
F = V - dl (2.4)
C
The circulation around an object can be also be written as the sums of the vorticity
on the surface of the object. Using Stokes' theorem to transform the closed loop line
integral into a surface integral, Eq. 2.4 can be re-written into
F = (V x V) -dA (2.5)
A
F =J wz. dA (2.6)
A
Lastly, using Kutta-Joukowski theorem for an airfoil of circulation F in fluid of
density p traveling at velocity U, the lift force acting on the foil can be calculated by
using Eq. 2.7
L = pUF (2.7)
Chapter 3
Experimental Apparatus and
Methods
3.1 General Description
This study was carried out in a small towing tank with dimensions 2.4mx0.75mx0.75m.
The tank is made from glass and reinforced with 80/20 aluminum frame. Both lead-
precipitate and time-resolved Particle Image Velocimetry (PIV) flow vizualization
methods were employed to extract qualitative and quantitative wake information,
respectively. Force measurements were also taken to validate the PIV results. The
carriage, which is being towed by a belt connected to a motor, is made of aluminum
and provides the base for the other apparatus. The speed of the towing motor can
be manually adjusted to provide variable towing speeds.
A rectangular-tipped NACA 0012 aluminum wing with a chord of c = 0.07m and a
physical span of b = 0.43m was towed along the length of the tank at a constant speed
of U = 0.2m/s resulting in a Reynolds number based on the chord of Re = 14000. A
rapid vertical acceleration of the wing was actuated via a Copley Controls STA2504
linear motor with ±0.35mm accuracy. The wing angle of attack was adjusted with
+0.50 accuracy using a Newport 481-A precision rotation stage. A schematic of the
towing-tank setup with the PIV configuration is shown in Fig. 3-1.
Fig. 3-2 shows a closer look at the set up onboard the carriage.
Figure 3-1: Schematic of towing-tank setup with a) traverse, b) NACA0012 wing, c)
PIV viewing field, d) linear motor, e) high-speed camera and f) laser head.
Linear
Motor
Figure 3-2: Picture of the PIV experiment setup with focus on equipments onboard
the towing-tank carriage
Rotation
Stage
3.2 Motion
3.2.1 Vanishing Foil
Before the rapid-area-change event the wing is initially towed for At = 4s (approx-
imately 0.8m) from its start position. This distance corresponds to over ten chord
lengths of travel and therefore a quasi-steady flow is developed (see [43]) before the
wing vanishes from (or emerges into) the PIV measurement plane. Similarly, after
the wing vanishes from the measurement plane it continues on for another 0.7m or
ten chord lengths. The schematic of the wing motion is shown in Fig. 3-3, where the
figure on the left shows position of the wing before the motion and the figure on the
right shows the position of the wing after the rapid translation. Wing translation of
Az/c = 1.42 (laser plane located half-way at Az/c = 0.71) was chosen so that the
PIV measurement plane would lie outside of the established tip-vortex core region;
see [7].
The vertical motion is actuated by a linear motor as described earlier, which
is connected to a Xenus XTL motor amplifier/controller from Copley Controls. The
Xenus amplifier/controller was chosen for ease of installation as no third party motion
controller is required to command the desired motion. The Xenus amplifier/controller
is directly connected to the PC and can be programmed using the CME2 program
from Copley Controls. The tuning of the linear motor can be done easily using the
auto tune function in the CME2 program.
Eq. 3.1 describes the superposition of the forward motion (U) with the rapid-
area-change motion (W):
U, for -11.4 < t* < 0
M(t*) U + W, for 0 < t* < 0.5 (3.1)
U, for 0.5 < t* < 10,
where t* = Ut/c can be interpreted as the dimensionless time or the distance
traveled in chord lengths. In practice the lateral wing motion attempts to follow a
. . .................... e..........r....................... ............. la s  rsh e e t
Az
Figure 3-3: Sketch
wing concept.
describing rapid upward motion, which emulates the vanishing
target function:
-* 
1.42c
z~*) = 1 + e-ot*+5, (3.2)
where both the above function (Eq. 3.2) and the measured output are plotted in
Fig. 3-4.
3.2.2 Emerging Foil
The set up of the experiment for the emerging foil is the same as that of the vanishing
foil experiment. The rapid motion used in the emerging foil experiment has similar
profile to the one used in the vanishing foil experiment but in the opposite direction.
The foil moves for Az/c = -1.42 with the laser plane still located half-way at Az/c =
0.71. The schematic diagram of the positions of the wing before and after the rapid
translation is shown in Fig. 3-5.
U4-
logistic function
measumd output
-0 I , . , I , , . I . I0.1 0 0.1 0.2 0.3 0.4 0.5
t*
Figure 3-4: The target function and the measured output of wing position during the
vanishing-wing motion.
C
Ub
lasersheet
Figure 3-5: Sketch describing rapid downward motion, which emulates the emerging
wing concept.
Figure 3-6: Picture of the force measurement experiment setup
3.3 Force measurements
Steady-state measurements for lift, using an ATI Industrial Automation six-component
force/torque sensor model Gamma US-30-100, were performed to evaluate the lift
prior to the rapid motion. The sensor has maximum rating of 133N maximum load
rating in the drag and lift direction and 445N maximum load rating in the z-direction.
The maximum torque rating is given as 11 N-m in all three moment axes.
The steady lift force was measured by repeatedly towing the wing a distance of
1.8m, recording the lift force at resolution of 1 KHz, and averaging the steady-state
region of lift for various incidences. Calibration was not carried out in the towing tank
as the factory calibration was used to convert the voltage readings to force readings
in the respective directions. The experimental setup for the force measurements is
slightly different from that of the rapid area change experiments, and is shown in Fig.
3-6
For a wing piercing a non-contaminated free surface, as described in [33], the
effective aspect ratio is double that of the physical aspect ratio of the wing:
AReff -2b (3.3)
C
such that prior to pullout AReff =12.3, thus approximating a two-dimensional flow
over a large spanwise region of the wing.
3.4 Flow visualization
The lead-precipitation technique used in this study was based on the method of [37]
using a thin, 10mm-wide lead-foil strip on one side of the trailing edge of the foil.
On the opposite side of the trailing edge, a similarly-sized thin copper strip was used
as a cathode. By applying a voltage differential across the two poles, a cloud of
lead particles precipitates into the flow. The lead precipitate was illuminated using
a Quantronix Darwin Nd:YLF laser. To allow for the electrolytic process to proceed,
simple table salt was introduced into the tank.
The images were recorded using a high-definition Canon VIXIA HF100 camcorder
and captured at 30Hz with a shutter speed set to 0.01s. The images were captured
as progressive frames opposed to interlaced images to obtain clearer pictures. The
progressive mode is recommended for recording fast movement speed and is usually
used in recording sports events.
3.5 Particle Image Velocimetry
A time-resolved PIV system was used in this study (LaVision GmbH) consisting of a
Quantronix Darwin Nd:YLF (A = 527nm) single-cavity laser with a maximum power
output of 20mJ per pulse at 1kHz. The laser beam was first collimated using two
spherical lenses (D = 12.7mm, F = 100.0mm and D = 12.7mm, F = 50.0mm)
and then expanded into a horizontal sheet approximately 0.5mm in thickness using
a cylindrical (F = 10.0mm, H = 10.0mm and L = 12.0mm) lens. For illumination
Polyamid seeding particles (PSP) with mean particle diameters on the order of 50pm
were used.
In conjunction with the laser, a 10-bit Imager Pro HS CMOS camera with Sigma
24mm 1:1.8 EX DG lens was operated in single-frame mode at f = 600Hz at full
resolution (1280 x 1024pix) for the regular vanishing and emerging foil experiments.
The maximum framerate at which the camera can operate is 638 Hz. A trigger from
the computer was used to synchronize the laser and camera pulsing. The camera
imaged a field corresponding to x/c = 2.1 and y/c = 2.7, with a resolution of 475pix/c
(6.79pix/mm). The resulting image is trimmed by about 10mm on each side to
reduce the boundary effect, which results in the final image size of x/c = 1.8 and
y/c = 2.4. The camera was placed above the water surface and the images were
recorded through a viewing box that extends into the water, which is also attached
to the moving carriage to provide a clear view of the test section through a piece of
glass. Otherwise, ripples and waves on the surface will cause distortion of the images,
rendering the images unusable. The orientation of the vortices is defined as positive
clockwise and negative counter-clockwise.
The camera was set up differently in the experiment to investigate the time scale
of the vortex formation for the vanishing foil case because the camera is unable to
capture the entire foil when mounted above. The camera was mounted underneath the
tank and is stationary throughout the experiment. Because of the different camera
location, the orientation of the vortices is defined in opposite direction, negative
clockwise and positive counter-clockwise. Eventhough the same camera was used, a
narrower angle lens (Sigma 20mm 1:1.8 EX DG lens) was used to increase the pixel
resolution. The resulting image field has dimensions of x/c = 2.4 by y/c = 3.1, with
corresponding resolution of 412 pix/c (5.94pix/mm). This image is also trimmed at
the edges which results in final image size of x/c - 2.0 and y/c = 2.7.
In all the PIV plots the images have been rotated and adjusted such that the
leading edge is on the left of the trailing edge. Positive increase in the angle of attack
is always given by clockwise rotation of the foil.
The camera was positioned perpendicular to the laser plane to minimize image
distortion, but image calibration was still carried out to scale the image correctly.
A calibration plate with marks at measured intervals was suspended in the plane of
interest and then illuminated using neon light. After the image was taken, the DaVis
software can recognize the location of the marks shown in the image and calculates
the corresponding correction factor which is used to scale all the recorded images.
The vector fields were calculated using an 2-pass adaptive correlation with 64 x 64pix
interrogation windows followed by 32 x 32pix interrogation windows and a 50% overlap
for the quantitative calculation of circulation. For plotting purposes, a coarser 2-pass
adaptive correlation with 128 x 128pix interrogation windows followed by 64 x 64pix
interrogation windows and a 50% overlap was used because the vortical structures
are more clearly defined when using the coarser resolution. A local median filter was
employed to eliminate outliers. The accuracy of the vector fields was estimated to lie
within 2% of the towing speed for all cases. Subsequently the calculation of vortic-
ity and circulation could be estimated to have uncertainties of Awc/U = ±0.1 and
AF/Uc = +0.01, respectively. See [31] regarding the details of the error analysis.
The vorticity fields were calculated directly from the vector fields using a central-
differencing formulation. The circulation was subsequently calculated from the local
vorticity field using Stoke's theorem via numerical integration:
F J oZdA, (3.4)
A
where A is the full measurement window in the wake of the wing after trimming.
The net circulation was calculated as the sum of all circulation in the wake at a given
moment in time, thus avoiding the challenge of arbitrarily defining vortex structures
as described in [18]. The final curves of net circulation in the wake were based on
an ensemble of 10 separate runs and were then smoothed using a 10Hz third-order
Butterworth low-pass filter.
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Chapter 4
Results
When considering the conservation of circulation in this study, i.e. the transfer of
bound circulation into wake circulation, Kelvin's law can be applied:
DF
Dt 0 (4.1)Dt
Although fundamentally Eq. 4.1 is only valid for inviscid, barotropic flows with
conservative body forces, it can be applied to the case of a rapidly-changing wing
since the temporal scales associated with this motion are short and therefore do not
allow for any significant viscous dissipation.
4.1 Vanishing Foil
In the vanishing foil experiment, the foil is being pulled out of the laser plane while
being towed at an angle of attack. At the instant when the foil leaves the laser plane,
the foil seems to have vanished, thus the name. Prior to vanishing, the net circulation
around the lift producing foil is non-zero. According to Kelvin's law this circulation
should stay in the fluid right after the foil vanishes, so it can be hypothesized that
this bound circulation will be transferred from the foil into the fluid upon vanishing,
as shown in Fig. 4-1. It is, however, not apparent in what manner the hypothetical
bound vortex, which is equal to the net circulation contained in the boundary layers
O d Q
(a) foil (b) wake
Figure 4-1: In this sketch the vanishing wing causes a rapid transfer of boundary-layer
vorticity into a pair of wake vortices while conserving total circulation. The nature
of the vortical reorientation in the wake is not apparent and will be the focus of the
current study.
on a lift-producing foil, will be transferred into the wake.
The plots of dimensionless wake vorticity at time steps 0.25 <t* < 0.5 are shown
in Figs. 4-2-4-5. At time steps t* = 0.25 one can observe the wake created prior to
the rapid upward displacement of the wing while for t* = 0.5 the shed vortex pair
associated with the bound vortex is found to enter the viewing field. At these later
time steps the vortex is already fully developed with clear orientation of the vortices.
The clockwise vorticity from the suction side moves towards the leading edge while
the counter-clockwise vorticity from the pressure side moves towards the trailing edge
in all cases.
When examining the PIV results in closer detail, first for az = 0' in Fig. 4-2,
one can clearly identify the vorticity emanating from the upper and lower boundary
layers at time step t* = 0.5. By time step V* = 0.75 the resulting vortex pair can be
clearly identified. It should be noted here that the vortex emanating from the lower
side leads the opposing vortex from the upper side, suggestive of a slight asymmetry
in the wing.
In Fig. 4-3 at a = 5', a similar behavior is observed to that of the a = 00 case,
albeit the resulting clockwise (positive) vortex at t* = 0.75 is both stronger and sits
higher when compared to the counterclockwise (negative) vortex. When examining
Figs. 4-4 and 4-5 at a = 100 and a = 15', respectively, the resulting clockwise
vortices, again at t* = 0.75, are found to be progressively stronger and oriented
further up.
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Figure 4-2: Plots of dimensionless vorticity in wake behind a 0 0 for t* = 0.25 (left),
t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located at x/c = 0 and
y/c = 1.40.
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Figure 4-3: Plots of dimensionless vorticity in wake behind a = 50 for t* = 0.25 (left),
t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located at x/c = 0 and
y/c = 1.40.
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Figure 4-4: Plots of dimensionless vorticity in wake behind a = 100 for t* = 0.25
(left), t* = 0.5 (center) and t* = 0.75
and y/c 1.40.
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Figure 4-5: Plots of dimensionless vorticity in wake behind a = 150 for t* = 0.25
(left), t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located at x/c = 0
and y/c = 1.40.
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Figure 4-6: Plots of dimensionless vorticity in wake behind a = 100 for t* 0.75
from three separate runs; note trailing edge located around x/c = 0 and y/c = 1.40.
Because the result is shown from a single run and not an ensemble average from
many runs, it is crucial that a single run is a good representative of the general result.
To prove the repeatability of this experiment, the contour plots of a = 10' at time
t* = 0.75 from three different runs are shown in Fig. 4-6 below.
Comparing the three plots in Fig. 4-6, the structure of the vortex pair in each run
does not differ greatly. Although the phase of the shedding of the vortex in the wake
is random, the vorticity shed upon the wing vanishing always reorganize itself in a
similar pattern. The vortex pairs from the three different runs shown in Fig. 4-6 show
similar strength, position and orientation so this experiment is highly repeatable.
4.2 Emerging Foil
As opposed to the case of vanishing foil, the case of emerging foil was also investigated.
In this experiment, the foil is rapidly introduced to the laser plane while being towed.
The sudden presence of the lift producing foil introduce non-zero circulation into
the fluid, so theoretically an equal in strength but opposite sign vortex should be
produced to keep the previously zero circulation, as suggested by Kelvin's Law. The
emerging foil case is similar to the case of an accelerating foil, so we hypothesized
that a vortex structure similar to a starting vortex will be produced in the emerging
2:
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Figure 4-7: The sketch of how Kelvin's Law is applied to a rapidly emerging wing.
The sudden introduction of the foil causes circulation F around the foil (path 1) so
an equal but opposite circulation -F must be produced around path 2, resulting in
zero circulation overall.
2.5- 2.5- 2.5-
2 - 2 - 2-
1.5 1.5 - 1.5 -
0.5 - 0.5- 0.5
0 . , . . . 0
0 0.5 1 1.5 0 0.5 1 1.5 0 0.5 1 1.5
x/c X/c x/c
Figure 4-8: Plots of dimensionless vorticity in wake behind a = 00 for t* = 0.25 (left),
t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located at x/c = 0 and
y/c = 1.40.
case, as opposed to the vortex pair observed in the vanishing case. The sketch of
possible outcome of the emerging foil experiment is shown in Fig. 4-7.
The plots of dimensionless wake vorticity at later time steps are shown in Figs.
4-8-4-11. At time steps t* = 0.25 one can observe a part of the single strong vortex
entering the PIV window while at t* = 0.5 the single vortex which is equivalent to a
starting vortex is found to be in the viewing field.
For the case of 0' we do not expect to see any single vortex forming behind the wing
because the wing is not producing any lift. As time progresses we see a single weak
vortex, as shown in Fig. 4-8, is shed from the wing because of the slight asymmetry
of the wing as suggested earlier.
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Figure 4-9: Plots of dimensionless vorticity in wake behind a = 5' for V = 0.25 (left),
t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located at x/c = 0 and
y/c = 1.40.
For the non-zero angle of attack cases, where the lift is non-zero on the wing, we
can see clearly from the PIV results that a single strong vortex similar to a starting
vortex is shed after the wing enters the laser plane. The strength of the single vortex
seems to increase as the angle of attack increases, as shown in Figs. 4-9 - 4-11.
As in the case of the vanishing wing, the contour plots of a = 100 at time V = 0.75
from three different runs are shown in Fig. 4-12 to prove the repeatability of this
experiment.
Comparing the three plots in Fig. 4-12, the strength of the single vortex in
each run does not differ greatly. The emerging wing experiment was expected to be
repeatable since there is no randomness involved in the phase of the previously shed
vortices as opposed to the vanishing wing case. Furthermore only single vortex is
shed, compared to a vortex pair in the vanishing experiment, so the orientation of
the vortex is not an issue. As the experiment is highly repeatable, it is reasonable to
use result from just one of the runs as representative for qualitative analysis.
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Figure 4-10: Plots of dimensionless vorticity in wake behind a = 100 for t* = 0.25
(left), t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located at x/c = 0
and y/c = 1.40.
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Figure 4-11: Plots of dimensionless vorticity in wake behind a = 150 for t* = 0.25
(left), t* = 0.5 (center) and t* = 0.75 (right); note trailing edge located at z/c = 0
and y/c = 1.40.
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Figure 4-12: Plots of dimensionless vorticity in wake behind a = 100 for t* = 0.75
from three separate runs; note trailing edge located around x/c = 0 and y/c = 1.40.
4.3 Force Measurement
The results from these tests show that at this Reynolds number the performance of the
wing lies in between results from [1] (Re = 300000) and [2] (Re = 10500). Compared
to the theoretical values, the lift coefficient is much lower at angle of attack a > 100,
suggesting that at a = 100 the flow is already to some degree stalled; see Fig. 4-13.
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Figure 4-13: Lift coefficient in current experiment at Re = 14000 along with other
values from the literature: [1] at Re = 300000 and [2] at Re = 10500.
Chapter 5
Discussions
5.1 Vanishing Foil
5.1.1 Topology of Vortex Structure
The discussion regarding the topology of the wake after the wing is displaced vertically
upwards is an interesting aspect of the experiment results. The information from a
two-dimensional PIV is not sufficient to provide a clear picture of this highly three-
dimensional structure, so flow visualization involving lead precipitation was carried
out. The flow visualization provided some information, although not very clear, into
the nature of the three dimensional vortex structure after the upward motion of the
wing. The results from the flow visualization, combined with the PIV results, allowed
us to hypothesize the three-dimensional vortical structure that is created by this rapid
motion, and it is the subject of our next discussion.
Based on Prandtl's lifting-line theory and the tight bundling of vortex filaments
in the near wake of a rectangular wing, as found in the near-wake study by Birch [7],
the tip-vortex circulation has an equal strength to that of the bound vortex. Upon
rapid vertical displacement of the wing, as shown in Fig. 5-1 for o = 100, the tip
connects with the suction- and pressure-side vortices. Helmholtz's vortex laws are
satisfied in that
Ft = F, - FP, (5.1)
where Ft, F, and IF refer to the tip-vortex, suction-side and pressure-side cir-
culation, respectively. Prior to the vertical displacement the wing is found to shed
equal and opposite spanwise vortices with strength F,, where these wake vortices are
approximately an order of magnitude weaker than the tip or bound vortices. These
shed vortices are found to merge with the tip vortex, analogous to the topology for
finite-end cylinders in cross-flow; see [45). Similarly, [42] and [8] observed similar
vortex-ring merging patterns in the wake of unsteady finite wings.
The PIV results have shown the positions of the boundary layer vorticity after
time t* = 0.5, where the vortex pair is oriented such that the vorticity from the
pressure side is positioned towards the trailing edge and the vorticity from the suction
side moves towards the leading edge. The PIV result from the timescale experiment
shows the vortex pair forming at where the foil was, which is supported by the flow
visualization where it shows clouds of lead particles occupying the space left by the
foil. Combining these results, we propose a three-dimensional topology of the vortex
structure as shown in Figs. 5-1 - 5-3.
For the case of a = 00, as presented in Fig. 5-2, there is no tip/bound vortex and
thus only equal and opposite boundary-layer vorticity from the wing is shed into the
wake in a closed vortex line satisfying
FS = F,. (5.2)
As in Fig. 5-1(b), the ring-like vortex structure that was formed from the shed-
ding of the boundary layers connects to the tip vortex as described by Uzun and
Hussaini [41]. The shed vortices in the wake prior to the rapid area change connect
at their tips while the upper filaments extend to the vertical boundary (water free
surface). These shedding structures are plainly visible for a = 0 whereas for a = 100
they tend to break-up more rapidly downstream in the wake.
At a later time step, once quasi-steady shedding behind the wing has reestablished
1'N
(a) visualization (b) topology
Figure 5-1: Visualization of wake at t* = 0.5 for a = 100 case and its corresponding
topology; note F,, FI, F, and Ft refer to suction-side, pressure-side, wake and tip-
vortex circulation, respectively. The cloud of lead particles underneath the wing
indicates the presence of vorticity from the shed boundary layer.
(a) visualization (b) topology
Figure 5-2: Visualization of wake at t* = 0.5 for a = 00 case and its corresponding
topology; note P, F, and F, refer to suction-side, pressure-side and wake circulation,
respectively. The cloud of lead particles underneath the wing indicates the presence
of vorticity from the shed boundary layer.
Figure 5-3: Topology of wake at a later time step once quasi-steady shedding behind
wing has reestablished itself; note F,, F,, F and Ft refer to suction-side, pressure-
side, wake and tip-vortex circulation, respectively.
itself, F, and I, are found to overtake the shed vortices F, in the wake. Depending
on the timing of the rapid area change, and thus the relative positioning of the alter-
nating wake filaments F,, F, and/or F, coalesce with clockwise and counterclockwise
filaments, respectively. A sketch depicting this eventual topology is shown in Fig.
5-3.
Another topology was suggested where the rapid motion causes a surface separa-
tion along the entire wing, and the boundary layer has to re-develop again as the wing
continues to move forward. To test this hypothesis, PIV was carried out at a different
spanwise location along the wing where the foil does not leave the laser plane. The
PIV result shows some disturbance to the flow from the rapid motion, but no strong
vortex pair which indicates global separation was seen, so we safely concluded that
the rapid motion does not cause separation of the boundary layer along the entire
wingspan.
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Figure 5-4: Net circulation measured in the wake of the vanishing wing using PIV
where t* = 0 and t* = 0.5 correspond to the beginning and end of the rapid vertical
motion.
5.1.2 Circulation Measurement
Besides qualitative observation, quantitative analysis was carried out by calculating
the circulation values from the PIV results. In Fig. 5-4 the resulting net circulation
behind the vanishing wing is presented, where t* = 0 represents the start of the
vertical motion. The steady value of wake circulation is attained at 0.6 < V* < 1.00
once the shed vortices fully entered the PIV viewing field. As mentioned in the
previous chapter, the values of circulation are ensemble averages of 10 runs and then
smoothed using a 10Hz third-order butterworth low-pass filter.
The circulation will always decrease first because the negative vorticity (counter-
clockwise) is always oriented towards the trailing edge, so it enters into the camera
view first. The clockwise positive vorticity, on the other hand, always gathers towards
the leading edge so it enters the field of view later, which explains the shape of the
circulation curves. Due to the increasing skew of the relative position of the vortices
as shown in Figs. 4-2-4-5, the circulation beginning to increase at earlier time step as
the angle of attack increases. The circulation increases as the angle of attack increases
except for the case of a = 15', where the circulation value is about equal to the case
of a = 10'. The variation of circulation as function of angle of attack can be seen
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Figure 5-5: Net circulation measured in the wake of the vanishing wing using PIV as
variation of angle of attacks.
more clearly in the plot of F* vs. a.
The plot of P vs. a is shown in Fig. 5-5. Circulation is averaged over 0.6 < V < 1
from each run to obtain the mean value of F* for that particular run, then the ensemble
average is taken over the 10 runs to obtain the final value of P. The values of
0.6 < t* < 1 were chosen because in this particular time range the value of F* seems
to have reached a steady value in all cases, due to the fact that the vortices associated
with the bound vortex can be seen to be fully within the PIV window within this
time range, as shown by the PIV results. Note that the error bars associated with the
wake measurements represent the first standard deviation from ten separate runs.
As the angle of attack increases, the net circulation which corresponds to the
value of bound circulation also increases except for the case of a = 15'. Compared to
the theoretical values, the net circulation for non-zero angle of attack is always lower
possibly due to separation and three-dimensional mixing effect. At this low Reynolds
number Re = 14000 the flow is already stalled at a = 15' which explains why the
value of circulation is exceptionally low at a = 15'.
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Figure 5-6: Net circulation measured around the vanishing wing using PIV (unfil-
tered) for a = 0 where t* 0 and t* = 0.5 correspond to the beginning and end of
the rapid vertical motion.
5.1.3 Investigation of Vortex Formation Time and Compar-
ison with Simulation Result
The variation of circulation l* against V for the case of a = 0 is shown in Fig.
5-6. The value of circulation does not fluctuate much except for a short time period
right after the wing leaves the laser plane at t* = 0.1. The high frequency spikes
seen at V > 0.1 is likely to be caused by the three-dimensionality of the flow, where
surrounding fluids rushes into the space where the wing used to be. Similar result can
be seen in a = 10' case in Fig. 5-7 as well, but the spikes in the circulation values
lasts for slightly longer time.
The PIV images from two different cases of a = 0' and a = 10' are shown in
Figs. 5-8 - 5-9. The plots show the development of the boundary layer vorticity for
time period 0.1 < t* < 0.4 with t* = 0.1 increments. As the foil vanishes at time
t* = 0.1, the boundary layer vorticity stays with the fluid and form two vortex sheets
of opposite orientation. At later time steps the individual sheet seem to rearrange,
compress and coalesce until a structure described in Section 4.1 is formed.
For the case a = 0' the two vortices have equal strengths so the net circulation
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Figure 5-7: Net circulation measured around the vanishing wing using PIV (unfil-
tered) for a = 100 where t* = 0 and t* = 0.5 correspond to the beginning and end of
the rapid vertical motion.
is zero. The vortex sheets seen in the plot at time V = 0.1 are also parallel. At
higher angle of attack of a = 10' the net circulation is non-zero because there are
more clockwise vorticity than counter-clockwise vorticity as shown in Fig. 5-9. The
vortex sheets at the same time step is also oriented differently, with the clockwise
vorticity covering the entire suction side of the wing while the counter-clockwise
vorticity gathers closer to the trailing edge, which explains why the vortices from the
boundary layer are oriented as described in Section 4.1.
A new phenomenon that can be seen in the vanishing foil experiments is the
concept of surface or global separation, in contrast to point separation. By comparing
flow visualizations in unsteady flows, [35] showed that the separation on an airfoil can
only occur at a point and not across the suction-side surface, as sometimes deceivingly
portrayed by streamlines. Instead the appropriate use of streaklines show us this
limiting path in the transfer of vorticity from the boundary layer into the wake.
When, however, we remove the airfoil instantaneously, as in this study, the boundary-
layer vorticity is left with no choice but to follow the respective fluids elements and
therefore can be transferred into the wake in a much more rapid and efficient manner.
It should be noted that this concept of global separation presented here should not be
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Figure 5-8: Plots of dimensionless vorticity of vanishing foil at a = 00 for t* = 0.1
(top left), V* = 0.2 (top right), V = 0.3 (bottom left) and V* = 0.4 (bottom right).
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Figure 5-9: Plots of dimensionless vorticity of vanishing foil at a = 10' for t* = 0.1
(top left), V = 0.2 (top right), V 0.3 (bottom left) and V = 0.4 (bottom right).
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00 0.15
50 0.15
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Table 5.1: The formation time of vortex ring through rapid retraction of a wing for
various angle of attacks
confused with the term massive separation often used in aerodynamics, which simply
refers to a leading-edge stall at high angles of incidence.
An important property of a vortex is its formation time, which is the time scale
required for the vortex to develop fully from the time of separation. The time scale
is defined by
At* = UAt (5.3)
C
which is similar to the concept of formation number introduced by Gharib [12].
Here the time is non-dimensionalized by the forward velocity and the chord length,
which is reasonable because the chord defines the surface from which the vortices are
shed. At* defines the time taken from the moment the wing leaves the laser plane
until the vortex is said to be fully developed. The variable At* is related to to time
t* through the relationship At* = t* - 0.1.
Table 5.1 shows the vortex formation time at different angle of attack to nearest
time t* = 0.05. It is difficult to determine accurately when a vortex is fully formed.
The time taken for the circulation value to increase to its final value could not be used
because the value of circulation is roughly constant from the start to the end of the
motion, which means an instantaneous development of vortices if this parameter was
used. By looking at the graph of circulation * vs. time t*, a vortex was determined
to be fully formed when the circulation enters a steady state, i.e. when the large
spikes that occurs upon the commencing of rapid motion has subsided.
The formation time At* mildly increases as the angle of attack increases. Possible
reason is that the flow is separated and less stable at higher angle of attack, or that
at higher angle of attack the suction side contains higher amount of vorticity so it
takes longer to reorganize them into a single vortex. Compared to the timescale of
3.6 - 4.5 suggested by Charib [12], a formation time of the order 0.3 (one order of
magnitude smaller) can be achieved by the rapid retraction of a foil.
The result of this experiment was compared to numerical simulation result pro-
vided by Luo. The simulation was carried out at Reynolds number Re = 500 so
only qualitative comparisons can be carried out due to the different flow conditions
present in the experiment. In the simulation a pair of vortices were also formed from
the boundary layer vorticity and the orientation is similar to those shown in the PIV
results from the experiment. Although not explicitly stated, from the provided results
we estimated the timescale required for the formation of vortices in the simulation
to be on the order of around t* = 4.0 which is one order of magnitude higher than
the formation time obtained through experiment. The possible cause of such a large
discrepancy in the formation time of the experiment and the simulation is the effect
of the fluid rushing in to fill the space that was previously occupied by the foil, which
is not accounted for in the simulation.
5.2 Emerging Foil
5.2.1 Topology of Vortex Structure
The topology of the vortex structure in the emerging foil case can be predicted more
intuitively than the one for the vanishing case because it is easy to imagine the single
vortex, which has strength equal to the tip vortex, connecting to the tip vortex that
was formed before and after the rapid vertical motion. The topology is similar to the
one discussed in Section 5.1.1 by replacing the vortex pair, which has net circulation
strength F = Ft, with a single vortex. The proposed topology for the emerging foil
cases are shown in Figs. 5-10 - 5-12.
For the case a = 100 (Fig. 5-10) the tip vortex connects with the single vortex,
which has the same same strength F = Ft, to form a continuous vortex line even after
Ft
LFt
(a) visualization (b) topology
Figure 5-10: Visualization of wake at t* = 0.5 for a 100 case and its corresponding
topology; note F, and Ft refer to wake and tip-vortex circulation, respectively. The
cloud of lead particles behind the wing indicates the presence of a strong vortex.
the rapid vertical motion. The wake vortices connects to the tip vortex in the fluid
and extends to water surface where it ends. For the case of a = 0 shown in Fig.
5-11 there is no tip vortex, so the wake vortices connects at their tips, similar to the
topology of a finite end cylinder as explained in [45]. Even after the rapid vertical
motion the wake vortices only extends deeper into the fluid.
At later time steps the tip vortex connects with the single vortex that was shed
after the rapid vertical motion as the wing continuously shed wake vortices, as shown
by the sketch in Fig. 5-12. The single vortex seems just like a part of the tip vortex
and the effect of rapid vertical motion is not apparent as the topology is very similar
to a wing that slowly extend in spanwise direction.
5.2.2 Circulation Measurement and Formation Time
In the emerging foil case, no additional experiment was necessary to investigate the
formation time of the single vortex as this vortex is formed behind the wing where it
(a) visualization
Figure 5-11: Visualization of wake at t* = 0.5 for
topology; note F, refer to wake circulation. No
wing to indicate the presence of a strong vortex.
a = 0 case and its corresponding
cloud of lead particles behind the
rw
rt+Ew
Figure 5-12: Topology of wake at a later time step once quasi-steady shedding behind
wing has reestablished itself; note F, and Ft refer to wake and tip-vortex circulation,
respectively.
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Figure 5-13: Net circulation measured in the wake of the emerging wing using PIV
where * = 0 and * = 0.5 correspond to the beginning and end of the rapid vertical
motion.
is within the camera field of view. Because the separation is not global and instanta-
neous as in the vanishing foil case, the growth of circulation can be used to analyze
the development process of the single vortex, along with PIV and flow visualization
results.
Similar to the vanishing case, the plot of net circulation P vs. t* is shown in Fig.
5-13. The circulation values are the average from ten runs and have been filtered
using a third-order low pass Butterworth filter with 10Hz cut-off frequency.
Contrary to the vanishing foil case, the foil is initially not in the laser plane. As the
foil enters the laser plane at t* = 0.1, the starting vortex is not formed immediately as
the boundary layer needs time to grow. The evidence of this delay in the formation of
the vortex can be seen clearly from the flow visualization result shown in Fig. 5-14.
As the wing accelerates vertically down, the cloud of lead particles which signifies
presence of vortical structure is seen in the upper half of the wing first. Note that
eventhough the cloud of lead particles can be seen shortly after the wing enters the
fluid, the vortex might not be fully developed yet. The development of the single
vortex will be the next topic of discussion.
It is interesting to note how there seems to be two separate gradients which changes
Figure 5-14: Flow visualization of the wake for emerging foil case at angle of attack of
a = 100 and time t* = 0.3. The picture shows that vortices are not shed immediately
upon the wing entering the fluid.
at around t* = 0.4. For the non-zero cases, the gradient is steeper in the time
interval 0.1 < t* < 0.4 than in the time interval 0.4 < t* < 0.8. To investigate this
phenomenon in greater detail, the PIV plots from time t* = 0.4 for the three angles
are shown in Fig. 5-15. The case of a = 0' is not investigated because no single
vortex should be shed at az = 00.
At time t* = 0.4 the single vortex is already in the PIV window as a whole for all
cases. An argument can be made that during the time 0.1 < t* < 0.4 the increasing
value of circulation is due to the single vortex entering into the field of view, whereas
in the subsequent time the vortex is already in full view but it is has not developed
fully. As the circulation strength of the starting vortex is the same as that of the
bound vorticity, which is directly related to the lift, the development of the single
vortex can be explained by the development of the lift on the wing. According to
Wagner [43] for an impulsively started wing the initial lift is one-half of the final lift.
This behavior, which is called the Wagner effect, has been verified experimentally by
Walker [44]. The final lift is attained after a time of O(c/U), which corresponds to
time At* ~ 1. The gentler slope after time t* > 0.4 is a sign of the Wagner effect,
where the vortex is still developing.
2.5 2.5- 2.5-
2- 2. 2-
1.5 1.5- 1.5-
1 - 1 - 1
0.5 0.5- 0.5
0 . 0 0.0150O 0.5 1 1.5 0O 0.5 x/1 1.5 0O 0.5 1 1.5
Figure 5-15: Plots of dimensionless vorticity in wake behind at t* = 0.4 for three
different angles of a = 50 (left), a = 100 (center) and a = 150 (right); note trailing
edge located around x/c = 0 and y/c = 1.40.
The gradient of the circulation curves for the emerging case (Fig. 5-13) seems
to be gentler compared to the corresponding curves in the vanishing wing case. The
gentler slope might be caused by the vortex forming at a slower rate in the emerging
case relative to the vanishing case. As discussed earlier, the separation which causes
the formation of the vortex pair in the vanishing case happens instantaneously and in
a global scale. Compared to the emerging case which develops the vortex through sep-
aration at a single point (around the trailing edge), we expect the formation time for
the emerging case to be longer because separation does not happen instantaneously.
Comparing the timescale for the formation of vortices in the two cases, the vanishing
wing takes about At* < 0.3 while the emerging wing takes about At* = 0.7 for the
vortex to be fully developed.
The plot of F* vs. a is shown in Fig. 5-16. The processing done to obtain these
values are the same as described earlier in the vanishing foil section. The error bars
in Fig. 5-16 represent one standard deviation from ten separate runs as well.
The net circulation in the emerging case has opposite direction to that of the
vanishing case, so only the magnitude of the circulation is plotted. The magnitude of
F* is also increasing with increasing angle of attack in general. However, in the case
of 10' and 15' the magnitude of circulation is about equal, which is the same as in
0 5 10 15
00
Figure 5-16: Net circulation measured in the wake of the vanishing wing using PIV
as variation of angle of attacks.
the vanishing case.
5.3 Comparison of PIV and Force Measurement
Results
Applying Kutta-Joukowski's relationship for a thin, symmetric foil one can obtain an
estimate of the net bound circulation on a slice through the wing as
1o = 7roycU. (5.4)
At the low Reynolds numbers used in this study, however, the performance has
deteriorated slightly such that an independent measure of lift was necessary. With
these measured values of lift (L), shown in Fig. 4-13, a better estimate of the net
bound circulation was available such that the bound vortex could be determined as
0- pU (5.5)
In Fig. 5-17 a comparison is made between the resulting bound circulation de-
PIV (wnhhV)
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Figure 5-17: Comparison between the circulation derived from the measured lift
before rapid motion and that obtained from the wake after rapid motion using PIV.
termined through Eq. 5.5 using the force balance with the net circulation measured
in the wake from PIV (circulation averaged over 0.6 < t* < 1). Good agreement
between these measurements is observed suggesting that the original bound vorticity
on the wing is conserved when transferred into the wake. Note the error bars asso-
ciated with the wake measurements represent the first standard deviation from ten
separate runs while the circulation obtained through the direct force measurements
are accurate to within AI/Uc = ±0.01.
Chapter 6
Conclusions
6.1 Overview
A method of transferring vorticity into the fluid through rapid area change was dis-
cussed. Two different cases were studied, one where the area suddenly reduces to zero
(vanishing foil case) and one where the body suddenly appears in the flow (emerg-
ing foil case). PIV and lead precipitation was used to visualize the flow, and force
measurements were also carried out to verify the PIV experiment results.
When the foil vanishes from the flow, vorticity that was present in the boundary
layer does not move with the foil but shed into the fluid. The shed boundary layer
vorticity then rearrange themselves to form a pair of vortices which are much stronger
than the wake vortices. The orientation of this pair of vortex is such that the vorticity
from the suction side moves towards the leading edge and the vorticity from the
pressure side towards the trailing edge. This orientation is always constant regardless
of the phase of the wake vortex shedding when the foil vanishes from the laser plane.
Using lead precipitation method to visualize the three-dimensional flow, the topology
of the vortex structure where the tip vortex before and after the rapid motion is
connected to the vortex pair created from the shed boundary layer was constructed.
Measurement of the net circulation behind the foil shows that the circulation around
the vortex pair is the same as the value of the bound circulation around the foil,
which proves that the circulation is conserved as stated by Kelvin's Law. Although
viscosity is present in the real fluid, in the timescale that we are interested in no
significant viscous dissipation has taken place.
Previously, in a two-dimensional body, flow separation always occurs at a point.
In this experiment, however, we have shown that it is possible to induce global or
surface separation through rapid motion of a wing. Upon vanishing of the wing, we
have observed that the flow instantaneously separates from the entire surface. This
phenomenon of global separation enables a more rapid transfer of vorticity into the
fluid. Through the rapid retraction of the wing, the formation time of the vortices
from the shed boundary layer vorticity is on the order of At* < 0.3, which is one order
of magnitude smaller than vortices created by moving a piston through a cylinder.
The opposite case, where the foil is suddenly introduced into the flow instead
vanishing, was also investigated. When the foil is introduced into the flow, circulation
is created so an equal but opposite circulation must be added into the flow to keep
the zero net circulation. PIV results show a single vortex shed into the fluid behind
the wing after the foil is introduced into the test plane. This single vortex is similar
to a starting vortex forming behind an accelerating wing. Flow visualization revealed
that this single vortex connects the tip vortex before and after the rapid motion, and
looks just like the extension of the tip vortex. The circulation value of the single
vortex is the same as the value of the bound circulation as the circulation must be
conserved. The timescale of the vortex formation is on the order of O(c/U), which
is the same as the timescale of the vortex formation in an accelerating wing case.
The case of emerging foil is not as interesting because it is so similar to the case of
accelerating foil, which has been extensively studied in the past.
Force measurements were also carried out to verify the circulation values derived
from the PIV results. Although circulation values was also derived from theory, it
does not represent the flow characteristics at the test Reynolds number of Re = 14000.
At this low Reynolds number the flow is already separated at high angles of attack,
so an independent measurement of lift had to be taken. By using Kutta-Joukowski
theorem, the value of circulation around the foil can be derived from its lift. Good
agreements of circulation values were observed from comparing the PIV results and
the force measurement results for both cases of vanishing and emerging foils.
6.2 Recommendations for Future Work
We have shown that vorticity can be transferred into the fluid more rapidly through
quick retraction of a wing. However, the speed at which the wing should be retracted
to induce global separation has not been investigated. In the current experiment the
velocity of the rapid motion is about one order of magnitude higher than the forward
velocity. Various velocities should be tested to find out the threshold value of the
retraction speed at which global separation does not occur. Knowing the threshold
value is important for designing an effective maneuvering mechanism in the future.
Although the mechanism of the vorticity transfer has been studied, no knowledge
of how to utilize these vortices for maneuver has been gained. Through rapid re-
traction of the wing vortices are transferred into the fluid, but the control surface
is no longer present to interact with the vortices and to take advantage of them. A
rapid sweepback of a wing might be more useful because the control surface is now
behind the shed vortices and can interact with them to produce the force required
for maneuvering, which might be similar to the case we have observed in swifts. The
transfer of vorticity through rapid sweepback and the interaction of the sweptback
foil with the shed vortices will be an interesting research topic.
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Flow
A
Visualization Results
Figure A-1: Visualization of wake of vanishing foil experiment at t* = 0.5 for a = 50
case. The cloud of lead particles underneath the wing indicates the presence of
vorticity from the shed boundary layer.
Figure A-2: Visualization of wake of vanishing foil experiment at t* = 0.5 for a = 150
case. The cloud of lead particles underneath the wing indicates the presence of
vorticity from the shed boundary layer.
Figure A-3: Visualization of wake of emerging foil experiment at t* = 0.5 for a = 50
case. The cloud of lead particles underneath the wing indicates the presence of
vorticity from the shed boundary layer.
Figure A-4: Visualization of wake of emerging foil experiment at t* = 0.5 for a = 150
case. The cloud of lead particles underneath the wing indicates the presence of
vorticity from the shed boundary layer.
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Appendix
Force Measurement Time Series
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Figure C-1: Time series of the lift force measured on the foil for angle a= 00.
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Figure C-2: Time series of the lift force measured on the foil for angle az =5
19 -
18.5
18 -
j17.5
17
16.5
6 5 10 15
time/s
Figure C-3: Time series of the lift force measured on the foil for angle a = 100.
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Figure C-4: Time series of the lift force measured on the foil for angle a= 150.
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